Abstract. In this study, a simplified computational model of pile vertical vibration was developed. The model was based on the inhomogeneous radial disturbed zone of soil in the vicinity of a pile disturbed by pile driving. The model contained two regions: the disturbed zone, which was located in the immediate vicinity of the pile, and the undisturbed region, external to the disturbed zone. In the model, excess pore pressure in the disturbed zone caused by pile driving was assumed to follow a logarithmic distribution. The relationships of stress and strain in the disturbed zone were based on the principle of effective stress under plain strain conditions. The external zone was governed by the poroelastic theory proposed by Biot.
Introduction
Pile driving on saturated soil causes the surrounding soil to become compacted and increases pore pressure. Subsequently, the strength of the soil gradually recovers as pore pressure dissipates [1] . The slow recovery of soil is referred to as thixotropy and affects pile driving as well as the bearing capacity of the pile. After installation, pile capacity often increases over time. This effect is known as the soil/pile set-up or the time effect of pile driving [2, 3] . Pile set-up is significant for the development of load and resistance factor design (LRFD) of drive piles [4] . Pile set-up is dominated by the dissipation of excess pore pressure and an increase in pile side shear, which has been explored both experimentally and theoretically.
[5~7] However, few studies have focused on the effect of thixotropy 3 Author to whom any correspondence should be addressed. on pile dynamic response. Novak et al. [8] developed a thin-layer-element method to study pile vibration within a zone of disturbance surrounding the pile. Veletsos et al. [9] analyzed vertical and torsion vibration of an inhomogeneous foundation based on Novak's method. Yang et al. [10] studied the vertical dynamic response of a pile and evaluated soil inhomogeneity in the radial direction using an annular model. Han et al. [11] successfully resolved boundary reflections for soil regions by constructing a model with a continuous variation in shear modulus along the radial direction of a disturbed area. To reveal the mechanism of pile vibration in saturated soil, several studies on pile dynamic responses have been conducted on the basis of poroelasticity. Zeng et al. [12] analyzed the vertical dynamic load transfer of an elastic bar in a saturated porous medium by solving integral boundary equations. To analyze the effect of excessive pore water pressure in a poroelastic medium on pile vertical vibration, Nogami et al. [13] established a contact element model of zero thickness with a recursive method. Using a method based on the separation of variables, Li et al. [14, 15] studied the vertical vibration of a pile in a saturated soil under the assumption of imperfect contact between the soil surface and the pile and a homogenous disturbed region with a constant modulus surrounding the pile. However, technical studies on the vertical vibration of a pile in a heterogeneous, saturated, porous medium have not yet been conducted.
In the present paper, a simplified dynamic interaction between the pile and soil was established to analyze the vertical response of a pile in the heterogeneous compaction region of the soil after pile driving. The soil compaction zone was divided into two stages: a soil compaction stage and a pore pressure dissipation stage. In the soil compaction stage, excess pore pressure accumulated in the compaction zone. After pile driving, pore pressure dissipated gradually in the dissipation stage. Based on the analysis of both stages, a simplified model of pile vertical vibration reflecting soil compaction and dissipation of excess pore pressure was established in an inhomogeneous radial zone of soil surrounding the pile. The proposed model of soil and pile interactions is useful for understanding the soil mechanics of pile driving.
Dynamic model of the interaction between pile and soil
When a compaction pile is installed in a saturated soil layer by pile driving, a radial disturbed zone in the vicinity of the pile is observed, and the shear modulus of the region typically decreases as soil expansion and pile vibration increase. Thereafter, the soil surrounding the pile can be divided into two annular regions, where the inner zone is composed of a disturbed field with a shear modulus μ 1, while the outer area is an elastic undisturbed region with an initial shear modulus, μ. A schematic of soil and pile interactions is shown in figure 1 , where r s denotes the radius of the disturbed region, H and r 0 are the length and radius of the pile, respectively, P(t) is an arbitrary force applied at the pile head and k s and k b denote the subgrade and pile toe reaction coefficients, respectively. 
Undisturbed region
Undisturbed areas were treated according to the two-phase saturated soil theory originated by Biot [16] . In an axisymmetric problem, the equations governing the motion of saturated soil can be expressed as 
Disturbed region
During pile driving, nonlinear behavior occurs in the soil region adjacent to the pile. Few rigorous solutions can be used to model the interaction; thus, a simplified model was developed. In this paper, the compaction pile was studied at two different stages: the compaction stage and the stage of excess pore pressure dissipation.
Simplification of the disturbed region.
At the stage of soil compaction, total radial stress and excess pore pressure in the inner zone increase due to soil compaction, which is caused by pile sinking and can be expressed by the cavity expansion theory. On the basis of experimental results, total stress and excess pore pressure in the disturbed region were assumed to satisfy the following equations: [17] ln( )
where a t and a p are the total stress and excess pore pressure at the pile shaft, respectively. At the stage of dissipation, excess pore pressure dissipates gradually. As a result, soil strength recovers over time. Assuming that total stress stabilizes and excess pore pressure dissipates completely, the final effective stress is equal to the total stress and can be expressed as Stage I: Research indicates that variations in the effective stress due to excessive pore pressure affect the shear modulus of soil [18] and can be expressed as
where 0 σ ′ is the initial effective stress with a uniform distribution and 1 σ ′ is the effective stress after pile driving. According to the effective stress principle, substitution of equation (3) and (4) into (6) Thus, the ratio of the shear modulus of soil surrounding the pile before compaction to the shear modulus after compaction is related to the distance from the pile, the equivalent radius of the compaction zone and the ratio of effective stress at the pile shaft due to soil compaction after pile installation.
Stage II: Similarly, at the stage of dissipation, the effective stress increases as excess pore pressure dissipates, causing an increase in the shear modulus. Here, the mechanism of pressure dissipation was neglected, and the final state at which excess pore pressure dissipated completely was analyzed. . Thus, excess pore pressure cannot exceed the total stress at the pile shaft when soil surrounding the pile is compacted by pile driving. In other words, liquefaction or a negative pore pressure cannot occur. Therefore, after excess pore pressure dissipates completely, the ratio of the shear modulus of soil is related to the distance from the pile, the equivalent radius of soil compaction and additional total stress at the pile shaft.
In the above analysis, the expression for the ratio of shear modulus was similar in stages I and II. Moreover, the dynamic response of the pile was studied in the first and second stages, and the resultant solutions of both stages were identical.
Equations governing the disturbed region.
Assuming that the disturbed region is annular, the relationship between stress and strain in the inner soil region is linear. Furthermore, by neglecting the quality of soil in the disturbed region, the equation of vertical motion in the inner medium under plane strain conditions can be expressed as τ and z u are the shear stress and vertical displacement of the undisturbed region, respectively, and f is the unit skin friction of the pile.
Single pile
The motion of the pile with an initial static state can be expressed as 
Interactions between the pile and soil
The interactions between the pile and soil are governed by the equations presented above and can be solved by integral transformation and variable separation. 
Disturbed region
From equations (9) and (10), the shear stress of the system can be solved. 
Undisturbed region
As shown below, the Helmholtz resolution was introduced into both displacement vectors.
By substituting equation (16) into equations (1) and (2), the following expressions were obtained.
The differential equations governing the undisturbed region of saturated soil were decoupled with a variable separation method, and the shear stress and vertical motion of soil were obtained by introducing boundary conditions. where 1n C is the undetermined coefficient,
is the slenderness ratio of the pile, 
Dynamic response of single pile
Based on the continuity of the contact surface between the pile and soil in the disturbed and undisturbed regions, the dynamic response of the coupled system can be solved according to the orthogonal property of a hyperbolic cosine function. (1 )
Assuming that i
s ω = , the complex stiffness of the pile-soil system at the pile head can be expressed as
The admittance of pile at the pile head is
When a transient force such as a half-sine pulse is imposed on the pile head, the resultant velocity can be obtained by inverse Fourier transform and convolution. 
Similarly, the solutions obtained for the second stage are consistent with those for the first stage, where r0 P was substituted for r0 T .
Numerical analysis
In this section, numerical results were calculated based on the aforementioned solutions. Unless otherwise specified, the following values were used for the parameters: r → , the pile is equivalent to a nondisplacement pile. The analytical solution of pile vertical vibration in a saturated soil based on perfect contact in an undisturbed model has been elucidated in a previous study [19] . Thus, complex stiffness and admittance amplitude of the pile in the present study were compared to the results of the perfect contact model. A comparison of the two pile vibration models is shown in figure 3 , where the X-axis is the dimensionless frequency 
Effects of compaction zone parameters on pile dynamic responses
The effects of soil properties in the compaction region, including the ratio of effective stress at the pile shaft, r0 p , the equivalent radius of the disturbed region, s r , and the ratio of additional total stress, T r0 , on the admittance and complex stiffness in the frequency domain are illustrated in figures 4-6.
Effect of r0
p on pile dynamic response. Figure 4 displays a comparison of dynamic responses under different ratios of effective and total stress. As shown in figure 4 , the amplitude of pile admittance and stiffness at the pile head decreased with an increase in the ratio of effective stress, which may be due to the binding of soil to the pile. Thixotropic restoration after pile compression caused excess pore pressure to gradually dissipate and soil strength to gradually recover. When P r0 = T r0 = 2.0, maximum pile dynamic responses were observed. Therefore, to obtain a clear reflection at the pile head and to attain the greatest depth, tests should be conducted immediately after pile driving. 
Effect of s
r on pile dynamic response. As shown in figure 5 , the equivalent radius of the compaction zone had a significant effect on the dynamic response of the pile. The amplitude of dynamic stiffness and admittance rapidly increased with an increase in equivalent radius. The results indicated that a soil compaction zone with a larger equivalent radius had a stronger effect on compaction and binding interactions between the soil and the pile. Thus, large amplitude of vibration was associated with large equivalent radius or weak binding interactions between the soil and the pile. 
Effect of T r0 on pile dynamic response.
The effects of the total stress ratio, T r0 , on pile dynamic responses were studied in stage II. Figure 6 shows the complex stiffness before and after dissipation of excess pore pressure under different ratios of additional total stress. In the hardening zone of the compaction pile, dynamic responses were similar because pore pressure did not accumulate when 0 0 r r T P = . The amplitude of complex stiffness and admittance decreased as the ratio of total stress increased. Thus, at a certain ratio of effective stress, larger ratios of total stress were associated with stronger binding interactions between the soil and the pile. 
Conclusions
Numerical results indicated that the present solution degenerated to a homogeneous perfect contact model under the specified conditions. Furthermore, the equivalent radius of the compaction zone had an obvious effect on the characteristics of pile vertical vibration. The present model revealed the effects of soil set-up and can be used in pile dynamic tests. Soil-pile systems are complex, and many problems associated with pile driving require further study, such as high strain rates caused by soil compaction, strain accumulation during vibration and changes in soil structure during thixotropic restoration. However, the proposed model provided valuable information on soil-pile interactions and may be used as a basis for further model studies. 
